This study examined the possibility that hemispheric differences in stress-induced brain activation vary as a function of sex. Using in-vivo voltammetry, increases in extracellular dopamine release in response to predator odour and tail pinch stress were recorded bilaterally and simultaneously in either the infralimbic cortex or basolateral amygdala. In both stress-sensitive brain regions, significant sex ¾ hemisphere interactions were observed, with males and females showing greater dopamine activation in right-brain and left-brain structures, respectively. Cortical asymmetries in dopamine release also showed sex-specific correlations with stress-induced neuroendocrine activation. Given the intriguing human parallels, we suggest that differential cerebral lateralization may be highly relevant to the disproportionately high incidence of stress-related disorders such as depression and anxiety seen in women.
Introduction
The incidence of stress-related psychiatric disorders such as depression and anxiety in women is approximately double that of men, a difference largely independent of sociodemographic factors [1] . The male and female brain, however, differs functionally on many levels, including the ways in which stressful or emotional experience is processed [2] . A potentially important difference in this regard may involve the nature of functional hemispheric lateralization of such processing. Recent human studies have suggested that men tend to show more right-sided functional activation and women more left-sided activation, in response to emotion-related stimuli [3] [4] [5] .
Numerous studies have demonstrated functional lateralization in rats and they suggest a particularly important role for the right prefrontal cortex (PFC) and amygdala in stress and emotion processing, although such patterns are influenced by a number of developmental and experiential factors [6] [7] [8] [9] [10] [11] , see [12] for review. The large majority of such studies, however, have used exclusively males and sex differences have not been well studied in this regard.
This study examines sex differences in the stressinduced release of dopamine (DA) simultaneously in left-brain and right-brain structures of freely behaving rats using in-vivo voltammetry. The two chosen regions of study were the ventromedial PFC or infralimbic (IL) cortex, as well as the basolateral amygdala (BLA). Both regions are highly stress sensitive and receive prominent DAergic inputs, which seem to play an important adaptive role in coping with stress [11] [12] [13] . Specifically, our aim was to test the hypothesis that males would show greater DA activation in right-brain structures, whereas females would be left-brain biased. We also wished to assess the possibility that individual asymmetries in DA release may have sex-specific functional implications, by correlating these measures with stress-induced neuroendocrine activation and with an easily measurable index of behavioural asymmetry, namely paw preference (PP).
Methods

Animals and surgery
Young adult Long-Evans rats (Charles River, St. Constant, Quebec, Canada) of both sexes were stereotaxically implanted (bilaterally) with two carbon fibre voltammetric recording electrodes, optimized for detecting changes in the concentration of extracellular DA. Electrode construction, calibration and all recording parameters were exactly as described earlier in detail [14] . Rats were anaesthetized with 5% isoflurane for induction and 3-4% for maintenance with an oxygen flow of 0.6 l/min with a Labvet ventilator (Dispomed Ltd., Joliette, Quebec, Canada). One set of animals received electrodes in the IL cortex [AP + 3.0 mm (Bregma), L ± 0.8 and V -4.5 (dura)]. A second set of rats was implanted in the BLA (AP -2.8 mm Bregma, L ± 3.6, V -8.1, with electrodes angled 101 away from midline). In each case, an Ag/AgCl reference electrode was implanted in the posterior cortical surface. Gold pins soldered to the electrode wires were secured in a plastic headstage connector (Ginder Science., Ottawa, Canada) and the assembly held in place with skull screws and dental cement.
Testing procedures
Four days later, rats were exposed to one of two stressors on consecutive days in counterbalanced order. One consisted of tail pinch stress (4 min) with a rubbercoated metal clip placed an inch from the tip of the tail. The other was a 15 min exposure to predator odour, where 100 ml of actual fox urine (Buck Experts, St. Laurent, Quebec, Canada) was placed on a small gauze square and introduced into the test chamber. Rats were habituated to the recording chambers for 45-60 min before initiation of the stress. Recording sessions continued until the stress-induced elevations in DA levels returned to baseline, typically 20-60 min from stress onset. Electrochemical recordings were obtained using a computer-controlled, high-speed chronoamperometric apparatus (Quanteon, Lexington, Kentucky, USA) [14] . Data from the two recording electrodes (channels) were displayed simultaneously on a split screen at 2 s intervals. The main measure of interest was the peak (mM) increase in DA concentration relative to prestress baseline.
Rats in the IL cortex groups received two additional tests to assess possible functional correlates of hemispheric asymmetries in stress-induced DA release within each sex. First, PP was assessed 1-2 weeks before surgery using a food-reaching task as a behavioural index of cerebral asymmetry. PP was calculated as (L -R)/(L + R), based on a minimum of 50 reaches for food (a piece of Froot Loop), through a 1 cm hole in the centre of the Plexiglas front of the test box. The second test, a week after DAergic recordings, examined stress-induced neuroendocrine activation in response to a 20 min restraint stress in Plexiglas rodent restrainers. Blood samples were taken from the tip of the tail at 0, 20 and 80 min relative to stress onset between 10:00 and 12:00 h. Plasma levels of adrenocorticotropic hormone (ACTH) were later determined by radioimmunoassay kits (Medicor, Montreal, Canada). Rats were killed by an overdose of urethane and perfused with saline/formalin. Brains were processed histologically (30 mm frozen sections stained with thionin) to confirm electrode tip placements within IL cortex or the BLA.
Statistics
Stress-induced DA release in response to each stressor was analyzed by two-way analysis of variance with the between-subjects factor of sex and the within factor of hemisphere. After significant interactions, hemispheric differences within groups were compared with paired ttests, and sex differences for a given hemisphere compared with independent t-tests (significance level P < 0.05, two-tailed). Asymmetry measures of cortical DA release ((L -R)/(L + R)) were correlated with PP and plasma ACTH levels using Pearson's correlations.
Results
Rats used in the final analyses met two criteria. First, both electrode tips were clearly within the borders of the IL cortex or BLA as defined by Paxinos and Watson [15] . Second, all rats had viable, low noise recordings of stress responses from both electrodes, with red/ox ratios in the range typical of a DA-dependent signal (although a possible contribution of norepinephrine to the signal cannot be ruled out; see [16] for details). The final ns for the IL groups were n = 11 males and n = 13 females, and in the BLA groups, n = 6 for each sex.
In both IL cortex and BLA, there were no significant main effects of sex or hemisphere in response to either stressor. However, significant sex Â hemisphere interactions were seen in both regions (Figs 1 and 2) , as males showed more right-sided DA release, with females showing greater left-sided activation.
In terms of PP (rats from IL cortex groups), the majority of rats had a strong preference for one paw or the other. Males as a group tended to be slightly left paw (right brain) dominant and females right paw (left brain) dominant, although sexes did not differ significantly in this measure. Overall, PP was correlated with individual asymmetries in cortical DA release in response to tail pinch (r = 0.60, n = 24, P = 0.006), with DA release greater contralateral to the preferred paw; however, this relationship was not significant within either sex. 
Females Males Females
Lateralized sex difference in stress-induced dopamine (DA) release in infralimbic (IL) cortex. In response to tail pinch stress, a significant sex Âhemisphere interaction was observed (F(1,22) = 5.08, P = 0.031), as males showed stronger activation in the right hemisphere, whereas females showed greater left-brain DA release. A similar interaction in response to fox odour just failed to reach significance, although females had notably higher DA responses in the left IL cortex than males. (*P < 0.05).
Regarding ACTH activation, cortical DA asymmetries in response to tail pinch were correlated with peak (20 min) ACTH responses to restraint stress in females (r = 0.62, n = 13, P = 0.025), such that strong left cortical DA release was predictive of high ACTH responses. No such relationship was found in males (P = 0.84). The DAergic asymmetry to fox odour stress in females showed a similar but nonsignificant correlation with peak ACTH levels (P = 0.06). Even in females, these relationships were specific to stress-related ACTH activation, not basal or stress recovery levels.
Discussion
The present results suggest that in the brain regions examined, male rats indeed exhibit a right-brain bias in stress-induced DA activation with females showing a leftsided bias. They also suggest that asymmetrical cortical DA activation is at least partially predicted by easily measured behavioural asymmetries such as PP. Moreover, the ACTH data indicate that cortical DAergic asymmetries have distinct functional implications in males and females.
As mentioned, lateralized sex differences are not commonly examined in rats. An earlier report, however, showed that in the nigrostriatal system, females show a left-biased asymmetry in D2 receptor binding, opposite to that of males [17] . The present findings extend such asymmetrical patterns to systems more typically associated with stress, emotionality and higher cognitive function.
Human data on the role of sex on functional asymmetries in emotional processing are complex at best, in part owing to the wide variety of conditions defined as 'emotional' and the lack of control for the degree of arousal across studies [18] . Yet, recent brain imaging studies show that various aspects of emotional arousal and memory activate mainly the right amygdala in men and left amygdala in women [2] [3] [4] . Evoked potentials (P300) across frontal and parietal sites in response to negative emotional stimuli similarly show stronger activation in left-brain sites in women, but stronger right-sided activation in men [5] . Also noteworthy, is the observation that damage to ventromedial PFC results in dramatic deficits of emotional processing and autonomic function, which seems to be right-side mediated in men but left-side dependent in women [19] .
In male rats, a right cortical lateralization in the control of emotional processing as adults is known to be induced by early postnatal handling or maternal stimulation [10] . This same stimulation results in highly efficient stress regulation, improved negative feedback control of the hypothalamic-pituitary-adrenal axis and behavioural profiles indicative of reduced anxiety e.g. [20] . Early handled male rats (relative to nonhandled) show a pronounced rightward shift in DA metabolism in the medial PFC over the course of mild stressful experience and also a rightlateralized, DA-mediated suppression of ACTH secretion in response to acute stress [6] . DA activity in the right medial PFC has been suggested to play an important role in counteracting the negative effects of stress in many behavioural and physiological conditions [6, 11, 12] . It has thus been suggested that the right-hemispheric lateralization of stress and emotion processing may be an essential prerequisite of optimal stress regulation [12] . Interestingly, male rats with particularly low levels of early maternal stimulation (which are very stress-sensitive as adults), show a reverse pattern of cortical DA asymmetry, as stress induces a more pronounced release of DA in the left than in the right IL cortex [16] .
As stated, females with pronounced left-biased cortical asymmetries showed higher hypothalamic-pituitaryadrenal axis responsivity, whereas no such relationship was evident in our (presumably 'normal') males. If a right-dominant asymmetry in stress or emotion processing is somehow advantageous in dealing with stress, this raises the possibility that differential (left-biased) asymmetries of this nature may predispose one to developing stress-related conditions such as depression, frequently associated with hypercortisolemia. It has been reported that although the majority of people are rightbrain dominant in the control of cortisol secretion, those with the reverse pattern report many more physical complaints and may be more vulnerable to a variety of pathological conditions [21] . It is therefore clinically relevant to better describe and understand the functional implications of different patterns of lateralized stress processing in the hope that such knowledge may facilitate more effective and sexspecific approaches to the treatment of stress-related psychiatric disorders.
